1. Introduction {#sec0005}
===============

In this article, we will review the literature on how chewing can alleviate stress responses. As one of the first studies to investigate this, in 1983, Vincent et al. reported that, in animals subjected to restraint and water inundation stress, those that could chew on a nylon brush developed fewer and smaller gastric lesions, and were better able to maintain body temperature when compared to animals exposed only to stress [@bib0005]. This suggests that increased afferent information input, mainly from the trigeminal nerve, via chewing under conditions of stress, induces a stress attenuation mechanism. However, the pathways by which this occurs has yet to be fully elucidated.

Similar animal experiments have since been conducted, including gene analysis studies and studies investigating the expression of specific proteins in regions of the brain that exhibit chewing-related stress responses ([Table 1](#tbl0005){ref-type="table"}). To study systemic responses, serum levels of stress hormones and immune system parameters accompanying hypothalamic--pituitary--adrenal (HPA) axis activation have also been investigated [@bib0010]. In addition, researchers have investigated heart rate increases and the incidence of arrhythmia accompanying activation of the autonomic nervous system [@bib0015]. These studies indicate that chewing under stress has an inhibitory effect on stress responses, which involve the HPA axis, the sympathoadrenal system, and hyperactivation of the immune system ([Table 1](#tbl0005){ref-type="table"}).Table 1Research results to date regarding the effects of chewing on stress-induced brain and systemic responses.Table 1Brain regionSub-nucleusMarkerStressStress with chewingRefs.HippocampusBDNF mRNA**↓↑**[@bib0085]NT-3 mRNA & protein**↑↓**[@bib0085]CA1MR**↑↓**[@bib0255]CA1GR**↓** or ±**↑**[@bib0150], [@bib0255]CA1NMDA receptor**↓↑**[@bib0210]CA1H1 receptor**↓↑**[@bib0210]DGCell birth**↓↑**[@bib0415]HypothalamusFree radical**↑↓**[@bib0055]PVNc-fos**↑↓**[@bib0125]PVNCRF protein**↑↓**[@bib0100]PVNnNOS mRNA & protein**↑↓**[@bib0440]PVNpERK1/2**↑↓**[@bib0110]Periaqueductal graydlpERK1/2**↑↓**[@bib0300]vlpERK1/2**↑↓**[@bib0300]Insular cortexAntpERK1/2**↑↓**[@bib0360]PostpERK1/2**↑↓**[@bib0360]AmygdalaCeAGABA±±[@bib0170]BLAGABA**↑↑↑**[@bib0170]Target areaRepresentation or behaviorStressStress with chewingRefs.HippocampusGoal in time on Morris water maze**↓↑**[@bib0150]LTP**↓↑**[@bib0190]LTD**↑↓**[@bib0420]Blood levelACTH**↑↓**[@bib0085]Corticosterone**↑↓**[@bib0085]IL-1β**↑↓**[@bib0425]IL-6**↑↓**[@bib0425]Leptin**↑↓**[@bib0425]TSH**↓↑**[@bib0425]Noradrenaline**↑↓**[@bib0015]HypothalamusPO2**↓**±[@bib0430]Blood-flow±**↑**[@bib0430]NO**↑↓**[@bib0435]AmygdalaPO2**↓↑**[@bib0430]Blood-flow±**↑**[@bib0430]Cardiovascular systemArrhythmias**↑↓**[@bib0015]Blood pressure**↑↓**[@bib0425]Body-wideSympathetic activity**↑↓**[@bib0015]Core temperature**↑↓**[@bib0425][^1]

Restraint stress is commonly used in such experiments, and involves stress-related behavioral, biochemical, and physiological changes in laboratory animals. Restraint stress has been used in the context of a mental and physical stress experiment system in our previous studies [@bib0020], [@bib0025], [@bib0030], the basis of which is the expression of affective reactions resulting from the activated output accompanying the integration and evaluation of external stimulation as sensory information input. This sensory information follows a direct pathway from the thalamus to the cerebral neocortex and an indirect pathway from the thalamus through the archicortex, which includes the hippocampus, to the amygdala [@bib0010], [@bib0035], [@bib0040], [@bib0045]. The amygdala integrates this information and interconnects with the neocortex, hippocampus, hypothalamus, and brainstem. This reduces physical and emotional reactions and allows the animal to adapt to the external environment [@bib0050].

In this review, we will report the results of stress response behavior tests, focusing on their influence on brain regions previously found to be involved in the attenuation of stress via chewing, in particular, the amygdala and the HPA axis. In addition, we will discuss the importance of the activation of gamma-aminobutyric acid (GABA)ergic function within the amygdala in the context of a chewing-induced stress inhibition mechanism.

2. Ex vivo and in vivo analysis of the effects of chewing-induced stress attenuation in the hypothalamus {#sec0010}
========================================================================================================

In 2005, Miyake et al. [@bib0055] measured the effects of stress on the amount of free radicals and active oxygen within the entire brain in mice. They performed their experiments in a control group, a 30-min stress-only group, and a 30-min stress-with-chewing group. To obtain ex vivo measurements of the effects of chewing on stress, the authors injected a blood-brain barrier-permeable nitroxyl spin probe, 3-methoxycarbonyl-2,2,5,5-tetramethyl-pyrrolidine-1-oxyl (MC-PROXYL), into the tail vein. They then used the L-band electron spin resonance technique to measure the decay rate of MC-PROXYL within the brain. While the stress-only group showed a significant increase in the levels of active oxygen and free radicals within the hypothalamic region when compared to the control group, the stress-with-chewing group exhibited significantly lower levels of active oxygen and free radicals than the stress-only group. While free radicals and active oxygen are necessary for life, the balance between their formation and the elimination by antioxidants is crucial, as excessive oxidative stress has harmful systemic effects and is considered to be involved in brain ischemia, acceleration of aging, and neurodegenerative disease [@bib0060], [@bib0065], [@bib0070], [@bib0075].

In a similar experimental series using small-animal positron-emission tomography with F-fluorodeoxyglucose injected via the tail vein, Ono et al. [@bib0080] carried out a whole-brain analysis. They found that glucose uptake in the hypothalamic region was significantly increased under stress conditions, and that chewing during stress counteracted this effect, reducing glucose uptake to control levels. Simultaneous measurements of plasma corticosterone changes have confirmed previous research findings [@bib0085] that chewing significantly counteracts stress-induced corticosterone elevation. Detailed analysis of region-of-interest-based glucose uptake has revealed that there is a significant reduction of uptake in the paraventricular hypothalamic nucleus (PVN) [@bib0080].

These results indicate that stress rapidly and significantly increases the levels of local active oxygen and free radicals, and glycometabolism within the hypothalamus, which is the stress response center. These changes caused by stress suggest that stress increases neural activity within the hypothalamic region. Getting together, both ex vivo and in vivo experiments have shown that chewing inhibits this neural activity. Given that glucose metabolism within the PVN, the control center of the HPA axis, was reduced and neural activity was inhibited, it is thought that secretion of the stress hormone, namely, plasma corticosterone was significantly inhibited as a consequence. The aforementioned results suggest that chewing may act as some kind of inhibitive mechanism for stress-related neural activation within the PVN, which weakens the HPA axis response and ultimately results in a reduced secretion of stress hormones.

3. Chewing-induced suppression of the stress response in the PVN {#sec0015}
================================================================

The hypothalamus is crucial in biological reactions to external stressors. In particular, the PVN, located upstream of the HPA axis, is an important center of higher-order integration between the neuroendocrine and autonomic nervous systems, and is crucial for maintaining homeostasis of the body [@bib0090]. The stress response of the PVN has been confirmed by numerous studies, and we ourselves have also investigated the phenomenon of chewing-induced stress response reduction ([Table 1](#tbl0005){ref-type="table"}). The expression of corticotropin releasing factor (CRF) within the PVN is underscored as a central modulator of the stress system. CRF is released into the pituitary portal vein, stimulating the pituitary to secrete adrenocorticotropic hormone (ACTH), which in turn causes the secretion of cortisol from the adrenal cortex. Following this, the release of CRF and ACTH is regulated through negative feedback via steroid receptors of the pituitary gland, hypothalamus, hippocampus, and amygdala. Moreover, CRF neurons in the PVN induce the release of adrenaline and noradrenaline through activation of the autonomic nervous system via the locus coeruleus [@bib0095].

According to Hori et al. [@bib0100], chewing reduces the number of CRF-positive cells in the PVN, which increases following stress. Moreover, there is a similar response in the levels of c-fos-positive (an immediate-early gene) [@bib0105] and phosphorylated extracellular signal-regulated kinase (p-ERK1/2)-positive [@bib0110] cells in the PVN. Intracellular changes in these proteins are thought to occur prior to CRF protein expression. Studies of neuronal activation as reflected by glucose uptake, histochemical analyses, and measurements of serum stress hormones such as ACTH and corticosterone under stress-only and stress with chewing conditions ([Table 1](#tbl0005){ref-type="table"}) have confirmed that the PVN is an essential brain regions for the ameliorative effects of chewing. Proprioception in the maxillofacial region is generally is relayed through the mesencephalic trigeminal nucleus, tactile pressure is relayed via the principal sensory nucleus of the trigeminal nerve, and pain and temperature information is relayed through the spinal sensory nucleus of the trigeminal nerve. The above described sensations thus travel through the medial lemniscus and are relayed in the ventral posterior medial nucleus of the thalamus [@bib0115], [@bib0120]. The PVN is thought to be regulated by inputs from various regions of the brain, as well as by humoral factors, such as hormones and cytokines. The numbers of p-ERK1/2 immunopositive cells in the PVN, which increase following stress, are suppressed by chewing within as little as 5 min [@bib0110]. This rapid response suggests that chewing does not only affect humoral factors, but also affects the projections of the thalamus, which is the relay nucleus, via trigeminal nerves to response regions of the brain. The latter neural pathway may be via the action of neurotransmitters.

4. Chewing-induced suppression of the stress response in the paraventricular hypothalamic nucleus via GABAergic mechanisms in the basolateral amygdala {#sec0020}
======================================================================================================================================================

Stress-induced neural mechanisms in the PVN involve projections from the excitatory posterior hypothalamus, the ventrolateral region of the bed nucleus of the stria terminalis (BNST), the inhibitory medial preoptic nucleus, the dorsomedial hypothalamic nucleus, interneurons in the PVN, and the posterior BNST. Neurotransmission in these projections is suppressed by the amygdala, which is located upstream of these connections in the suppression system [@bib0125]. Amygdala ablation in laboratory animals has been shown to influence the HPA axis stress response, and leads to changes in the levels of serum stress hormones, CRF, vasopressin, and c-fos mRNA in the PVN, and the numbers of immunopositive cells for vasopressin [@bib0130], [@bib0135], [@bib0140]. The amygdala can be divided into sub-nuclei, such as the medial, central, cortical, basomedial, and basolateral nuclei [@bib0145]. These sub-nuclei are interconnected and form input synapses onto the central amygdala (CeA), which is a major output region of the amygdala. The CeA is modulated by excitatory glutamatergic afferent fibers, phasic and tonic GABAergic afferent fibers, and local interneurons. The CeA is known to project to the PVN [@bib0150], [@bib0155]. When stimulated electronically, the CeA activates the HPA axis [@bib0160]. Based on these neural connections, destruction of the CeA is thought to influence the activation of the HPA axis, the higher center of which is the hypothalamus.

Reznikov et al. [@bib0165] have conducted an acute stress experimental series similar to our own wherein they measured the efflux of GABA (the main mediator of inhibitory neurotransmission in the central nervous system) in the CeA and the basolateral amygdala (BLA) using in vivo microdialysis. The results of the above study indicated that although no fluctuation was found in the CeA, GABA efflux was significantly increased in the BLA following stress. Using the same method, we examined indicators of the influence of chewing on GABA efflux in the amygdala under stress. In the stress-only condition, GABA efflux increased in the BLA. GABA efflux was further increased in the stress-with-chewing condition [@bib0170]. This suggests that increased input from the trigeminal nerve due to chewing increases GABA levels in the BLA, which magnifies the effects of the GABAergic system. This is turn increases inhibitory input to the CeA and ameliorates stress-induced p-ERK1/2 expression within the PVN [@bib0170]. Anti-GABA transporter-1 saporine (conjugates of saporin with a rabbit antiserum raised against a peptide in the extracellular domain of GABA transporter-1) was used to facilitate the specific immunotoxic destruction [@bib0175], [@bib0180] of amygdala GABAergic neurons in one or both sides of the brain. This allowed us to investigate the effects of chewing on the PVN, which receives projections from the amygdala, by counting the numbers of pERK1/2-immunopositive cells in the PVN and measuring serum stress hormone levels. In animals that underwent unilateral destruction of BLA GABAergic cells, the chewing-induced suppression effect on the increase in the number of p-ERK1/2-immunopositive cells was significantly attenuated in the ipsilateral PVN. In animals with bilateral destruction, the chewing-induced decreases in the levels of stress-induced serum stress hormones ACTH and corticosterone were similarly suppressed [@bib0170]. These results suggest that the stress reduction effects of the activation of the masticatory organ during stress in the brain are induced by the activation of BLA GABAergic neurons. This activation is then relayed via the CeA and attenuates the stress response in the PVN. Our findings imply that BLA GABAergic neurons mediate the chewing-induced reduction in the levels of stress hormones via the hypothalamus.

5. Chewing-induced suppression mechanisms in stress response regions of the amygdala and in other areas {#sec0025}
=======================================================================================================

The hippocampus is functionally and structurally vulnerable to stress starting at the early stages of development [@bib0185]. We measured long-term potentiation (LTP), which is a major cellular mechanisms of learning and memory, to investigate the effects of chewing during stress on the hippocampus. In the stress-with-chewing condition, the stress-induced reduction in hippocampal LTP was significantly recovered within 24 h when compared to the stress-only group [@bib0190]. We used the Morris water maze to test spatial memory and found that stress-induced cognitive decline was reduced by chewing [@bib0195]. However, in both experiments, we found no significant difference in serum corticosterone levels. This suggests that the neural pathways that mediate the stress-reducing effects of chewing exist outside of the amygdala and the HPA axis.

Proprioception of the oral cavity is mediated by the mesencephalic trigeminal nucleus, which activates histamine neurons in the tuberomammillary nucleus (TMN) [@bib0200], [@bib0205]. While the cell bodies of the histamine neurons are located in the TMN, their axons are distributed throughout the brain and are present in the hippocampus. We treated the animals with pyrilamine, which is an H1 receptor antagonist, before and after a stress task to examine the impact of stress on hippocampal LTP [@bib0210]. The administration of pyrilamine prior to the stress load reduced the recovery effects of chewing on hippocampal LTP. This suggests that chewing under stress activates the histamine neuron system. Histamine facilitates *N*-methyl [d]{.smallcaps}-aspartate (NMDA) receptor function by stimulating the activity of phospholipase C, which results in an increase in the excitability of NMDA receptors [@bib0215], [@bib0220], which is essential in the formation of LTP. Therefore, NMDA receptor functions, which are reduced due to stress, were improved via the action of H1 histamine receptors in the hippocampus. This in turn led to the recovery of hippocampal LTP.

The amygdala directly and indirectly projects to the hippocampus, and thus contributes to hippocampal function [@bib0225], [@bib0230], [@bib0235], [@bib0240]. Kim et al. [@bib0245] investigated the role of GABAergic neurons in attenuating the effects of stress on hippocampal LTP. Muscimol, which is a GABA~A~ receptor agonist, was delivered to the amygdala both before and after a stress task, and hippocampal LTP was examined 90 min later. When muscimol binds to GABA~A~ receptors, it opens chloride channels, which in turn increases the permeability of chloride ions [@bib0250]. This inhibits neuronal firing. The reduction in hippocampal LTP was inhibited in animals treated with muscimol prior to the stress load. This suggests that muscimol suppresses stress-induced excitation of the amygdala and alters the inhibition of amygdalo-hippocampal activity during stress. This compound thus reverses the stress-induced reduction in hippocampal LTP. Similarly, in an investigation using the Morris water maze to carry out acquisition and single retention tests, rats were treated with muscimol prior to the stress load. Animals in the stress-with-chewing group had similar goal-in times to those observed during the training trials, showed no indications of stress-related impairments, and maintained the acquired spatial memory [@bib0245].

In the majority of cases, chewing exerts inhibitory control on the reactions within the stress-response regions of the brain. However, based on the above series of results, we postulated that the attenuation of the inhibitory effect of stress on hippocampal LTP was due to the synergistic effects of the activation of hippocampal histamine H1 receptors and TMN histamine neuron activation [@bib0210], as well as the suppression of excitatory neuronal input from the amygdala to the hippocampus [@bib0170] due to the chewing-induced activation of GABAergic neurons in the BLA. Chewing-induced changes in the concentration-dependent affinity and expression of hippocampal mineralocorticoid receptors and glucocorticoid receptors [@bib0255], [@bib0260], [@bib0265], [@bib0270], [@bib0275] and variation in noradrenaline volume within the brain [@bib0280], [@bib0285], including the amygdala, have been considered contributory factors to hippocampal LTP. Chewing may lead to the rapid amelioration of stress-induced hippocampal LTP attenuation via the synergic effects of stress hormone negative feedback function changes, which accompany the inhibition of HPA axis activation via the amygdala.

Stress is known to activate the sympathetic nervous system and to increase blood pressure and pulse rate. The periaqueductal gray (PAG) is one of the control centers for the circulatory system. The PAG surrounds the midbrain aqueduct and is divisible into four standard regions: dorsomedial, dorsolateral, lateral, and ventrolateral. These regions have pathways that project to the cerebral hemispheres, brainstem, marginal nucleus of the spinal cord (lamina I), nociceptive neurons of the trigeminal nerve nucleus, etc. [@bib0290]. Input from the cerebral hemispheres primarily originates from the medial prefrontal area, anterior cingulate gyrus, orbitofrontal cortex, insular cortex, central nucleus of the amygdala, and hypothalamus. This input mediates a range of functions, including autonomic nervous system responses such as pain modulation, defense reactions, and blood pressure increases, as well as emotional behavior, reproductive behavior, eating behavior, and consciousness [@bib0295]. In an experiment examining the effects of chewing on p-ERK1/2-positive cell expression in the PAG, stress led to a significant increase in the numbers of p-ERK1/2-positive cells in the dorsolateral PAG and the ventrolateral PAG [@bib0300]. However, the expression of p-ERK1/2 was suppressed and returned to control levels 15 min after stress with chewing. The amygdala projects to the PAG, which is involved in the descending pain modulatory system and contributes to stress- and fear-induced analgesia [@bib0305]. In addition, according to de Abreau et al. [@bib0310], when the GABA~A~ receptor agonist muscimol is microinjected into the BLA, it suppresses the increases in mean arterial pressure and heart rate induced by NMDA administration into the lateral/dorsolateral PAG. Moreover, our prior research indicates that chewing suppresses stress-related premature ventricular contractions caused by acute restraint stress-induced increases in peripheral blood noradrenaline concentration. Chewing also suppresses increases in low to high frequency ratio, which is an indicator of cardiac sympathetic activity [@bib0015]. Based on the above findings, we postulated that chewing during stress controls the reactions of the sympathetic nervous system and the circulatory system by suppressing stress-induced excitatory input to the PAG following the activation of GABAergic neurons in the BLA.

Cardiac responses to stress are controlled by another brain region, namely the insular cortex [@bib0315], [@bib0320]. The insular cortex receives taste, smell, pain, and somatosensory perception inputs [@bib0320], [@bib0325], [@bib0330], [@bib0335]. The involvement of this region to control the circulatory, respiratory, and digestive systems [@bib0340], [@bib0345] suggests the possibility of its involvement in the integration between various sensory and emotional inputs [@bib0350], [@bib0355]. Our recent research indicates that chewing significantly suppresses the stress-induced increase in the number of p-ERK1/2-immunopositive cells, even in the insular cortex [@bib0360]. This implies that chewing may play a role in neural activity. Inhibition of synaptic transmission of the insular cortex by bilateral microinjection of the nonselective synaptic blocker cobalt chloride (CoCl~2~, 1 mM/100 nL) [@bib0365] and suppression of localized noradrenergic neurotransmission in the insular cortex by administration of an α-1 or α-2 adrenoreceptor antagonist [@bib0370], both of experiments resulted in the suppression of acute stress-induced increases in blood pressure and pulse rate, and tachycardia. Given that the insular cortex shares rich interconnections with the limbic system, including the amygdala and hypothalamus [@bib0375], [@bib0380], the chewing-induced activation of GABAergic neurons in the amygdala during stress suppress stress-induced neural activity in the insular cortex that receives amygdala projections. Chewing also suppresses stress-induced noradrenaline release within the brain [@bib0280], [@bib0285], [@bib0385], [@bib0390], [@bib0395], [@bib0400], [@bib0405]. Given that the central autonomic network, which is essential for life, consists of the insular cortex, amygdala, hypothalamus, PAG, parabrachial complex, solitary nucleus, and ventrolateral medulla [@bib0410], chewing may attenuate the stress responses of the circulatory system and the autonomic nervous system by suppressing the secretion of catecholamines and stress information transmission in the brain. We have summarized neural pathways potentially involved in the ameliorative effects of chewing in [Fig. 1](#fig0005){ref-type="fig"}.Fig. 1Potential neural pathways underlying chewing-induced stress response amelioration.Red lines indicate BLA GABAergic inhibitory nerve fibers. Thick lines indicate essential nerve connections and thin lines indicate the associated nerve connections. Arrow lines indicate projections and double arrow lines indicate reciprocal projections. Abbreviations: BLA: basolateral amygdala; BNST: bed nucleus of the stria terminalis; CeA: central amygdala; DMH: dorsomedial hypothalamus; HPA: hypothalamic--pituitary--adrenal; mPOA: medial preoptic hypothalamic nucleus; N: nucleus; PAG: periaqueductal gray; periPVN: interneurons around the PVN; PH: posterior hypothalamus; PVN: periventricular hypothalamic nucleus; S: sensory; SAM: sympathoadrenal; TMN: tuberomammillary nucleus; VPL: ventral posterior lateral nucleus of the thalamus; VPM: ventral posterior medial nucleus of the thalamus.Fig. 1

6. Conclusions and future studies {#sec0030}
=================================

Activation of the masticatory organ (chewing) during stress has been shown to reduce the numbers of stomach ulcers and their durations. Chewing also suppresses the secretion of plasma stress hormones and catecholamines, preserves spatial reasoning, facilitates the rapid recovery of hippocampal LTP, and reduces blood pressure, heart rate, and the incidence of arrhythmia. However, until now, the brain mechanisms underlying these effects have remained unidentified. Our aim was thus to identify the mechanisms underlying the effects of chewing on stress. We present evidence from research on: (1) the amygdala, which is the emotional center that carries out the integration and evaluation of sensory information; (2) the HPA axis, which is the site of output projections carrying information regarding emotional expression from the amygdala (especially p-ERK1/2, which is a neural activity indicator within the PVN); and (3) plasma stress hormones, which are downstream outputs of the stress response. We found that the stress-reduction effects of chewing during stress were due to BLA-induced GABA efflux, which initiates GABAergic activity within the amygdala. This in turn controls stress response-related neural activity in each brain region that the amygdala projects to and suppresses the activities of response organs and humoral factors downstream of the HPA axis. Future research should be carried out to investigate the role of the prefrontal area, as it has strong interconnections with the amygdala. Other stress-related brain regions should also be investigated.
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[^1]: Abbreviations: BDNF: brain-derived neurotrophic factor; NT-3: neurotrophin-3; MR: mineralocorticoid receptor; GR: glucocorticoid receptor; NMDA: *N*-methyl-[d]{.smallcaps}-aspartate receptor; H1 receptor: histamine receptor 1; CRF: corticotropin-releasing factor; nNOS: neuronal nitric oxide synthase; pERK1/2: phosphorylated extracellular signal-regulated kinase; GABA: gamma-aminobutyric acid; LTP: long-term potentiation; LTD: long-term depression; ACTH: adrenocorticotropic hormone; IL-1β: interleukin-1β; IL-6: interleukin-6; TSH: thyroid-stimulating hormone; PO~2~: partial pressure of oxygen; NO: nitric oxide.
